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StlMMAHY 


Since the NASA/ Ford Ceramic Regenerator Program is organized by tasks, the 
results obtained during the January 1, 1978 to March 31, 1979 period "will also be sum- 
marized by Task. 

Task I — Core Durability Testing at 800°C. Approximately 4128 hours of engine 
durability test (8256 core hours) at 800°C (1472°F) were completed from January 1, 

1978 to March 31, 1978 on cores made from chemicaUy-resistant materials and 
mounted with a rim support and drive system. 

Turbine engine durability tests on aluminum silicate regenerator cores show that 
this material is relatively impervious to chemical attack. Eleven cores of this mate- 
rial have each accumulated over 4000 hours of engine test at 800°C (1472°F), and one 
core has attained 7804 hours of engine test with a minimal amount of chemical attack 
damage. 

A high thermal expansion MAS core has accumulated 5381 hours at 800°C (1472°F). 
A MAS core made from a more advanced material having lower thermal expansion 
characteristics and greater strength has been placed on durability test and accumu- 
lated 475 hours during this repoart period. 

One thin-waU AS core has now accumulated 6388 hours of engine test. 

Separations in the elastomer-matrix bond region have occurred on aU thin-wall 
cores bonded using the conventional technique. Diilization of a Mgh-complianee elas- 
tomer system shows promise of solving this problem. Three cores of this configura- 
tion are now on test, with one having accumulated 4272 hours. 

The cement holding the hub inserts in place failed in five out of the nineteen AS 
cores that have undergone engine test. A hub configuration which utilizes a solid 
ceramic ring around the hub insert is now on test, and one unit has accumulated 4300 
hours. 

The spring-roller ballbearings in the mounting sj^stem in one engine have been 
replaced by solid graphite bearings. Over GOO hours have been accumulated on these 
bearings with little or no wear. 

Task n — Core Durability Testing at 1000°C (1832°C). A total of 1354 core-hours 
at 1000°C (1832°F) were accumulated during this period. 

About 4983 hours of engine test at an average regenerator inlet temperature of 
982°C (1800°F) have been accumulated on a thick-wall aluminum silicate core, and 
2680 hours at this temperature have been accumulated on a thin-wall AS core. Neither 
core shows any signs of thermal or chemical attack damage after this exposure. 

Task in — Material Screening Tests. A majority of the materials scheduled for 
laboratory testing under hot face and cold face conditions have progressed to comple- 
tion, and the resulting data have been reported. The final chemical analyses for the 
first set of four matrix inserts exposed to engine accelerated corrosion testing have 
been completed and reported. These two, successive tests have generated supportive 
data, although the laboratory test appears to be more severe than the engine accelerated 
chemical attack test. 

Task IV •“ Aei’othermodynamic Performance. With the tv/o additional extruded 
square matrices tested during this report period, a total of tweniy-nine matrix fin 
configurations have been evaluated at the present time. Seventeen rectangular, eight 
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sinusoidal, two isosceles triangular, and two hexagonal coiifigurations comprise the 
present matrix sample size. 

Due to the signiJicant reduction of the wall material thiclmess (. 173 mm or . 0068 
in. ) for the extruded square matrix 28, it exhibits superior heat transfer and pressure 
drop characteristics compared to equivalent geometry matrices previously evaluated. 

Task V — Design Studies of Advanced Regenerator ^sterns. The radial and tan- 
gential modulii of elasticity of the Supplier A thin-wall sinusoidal fin AS matrix, and 
the radial and tangential flexure strength and modulii of the Supplier I extruded 
isosceles triangular* fin matrix and tlie Supplier D embossed rectangular fin MAS-2 
matr*ix have been evaluated using WeibuD statistics. 

Two compliant elastomer schemes have been evaluated. The interrupted elas- 
tomer scheme which has operated successfully in the engine has been shown to provide 
a 90% increase in compliance compared to the staudar*d configuration. 

Task VI — Cex’amic Thermal Stability Tests. As the thei*mal stability testing of 
ceramic materials progresses, several trends are becoming evident. The MAS 
materials are more stable than the AS and LAS matei*ials, at elevated temperatures 
under corrosive conditions. The leached LAS material iterations tested as of tliis 
writing are not seiwicable at 1100°C (2012°F) and 1200°C (2192°F). 

Task vn — Manufaetiu’ing Cost Studies. A list of analysis models has been com- 
pleted and a task prioi*itization agreed upon by Manufacturing Development Depart- 
ment cost analjfsts. Work is underway on configuration l:a regenerator core for an 
automotive g-as turbine engine. 

Task vm — Core Material and Design Specifications. An updated regenerator 
core material and design specification for 800°C (1472°F) has been completed as par*t 
of this contract task. The iteration of this document for 1000°C flS32°F) regenerator 
operation is dependent upon an ongoiug test program wliich features both laboratory 
and engine evaluation of proposed regenerator materials and configurations. 

Task IX — ProgTam Management. As early as possible in the second quarter of 
1978, two 800°C (1472°F) engines will be converted to 1000°C (1S32°F) engines, hi 
additton, the progr*am completion date will be extended 6 months. Both NASA and 
Ford have agreed to tliese changes, wMch will be done at no additional cost to NASA, 
win result in four times more hours being accumulated at 1000°C (1S32°F) under the 
revised program. 

Task X — Reporting Requirements. The subjects and timing of the three "Topical 
R.eports" have been determined b5^ NASA and Ford personnel. The first repoi*t "Eval- 
uation of Regenerator ^'^stem Performance" will be published in the next quarter. 


INTRODUCTION 


Since 1965, Foxd Motor Company lias been engaged in developing a ceramic regen- 
erator system for use in gas turbine engines. Over 100, 000 hours of engine operating 
eJiperience have been accumulated on a sample of approximately 1, 000 regenerator 
cores fabricated of Hthivun aluminum silicate (LAS) and produced by two suppliers. 

Because of imexpected failures of the LAS regenerator, in 1973 Ford started a 
series of conti'oUed durability tests using the 707 turbine engine. When these tests 
were terminated in August 1973, 11 core failures had occurred out of a sample of 30 
cores on test. It was determined that the failures were primarEy caused by a severe 
chemical attack on the LAS material used , These test data showed that these regen- 
erators had a Bxo life of 600 hours and an average life of 1600 hours. 

Late in 1973, an engineering research program was initiated to solve the regener- 
ator core failure problem. The primary objective of this program is to develop ceram- 
ic regenerator cores that can be used in passenger car gas turbine engines, Stirling 
engines. Industrial/truck gas turbine engines and other industrial waste heat recovery 
systems. Specific durability objectives are defined as achieving a Bxo Hfe °f 600 
hours on a truck/industrial gas turbine engine duty cj^cle at a regenerator inlet temper- 
ature of SOO^C (1472°F). 


In late 1973 Ford funded several companies to develop new ceramic regenerator 
materials. By 1974, new materials, including aluminum silicate (AS) and a magnesium 
aluminum silicate (A'lAS) were screened in laboratory and engine tests and foimd to 
have acceptable resistance to chemical attack. Regenerator cores made from new 
materials were placed on durability test late in 1974 and early in 1975, 

The Ford 707 industrial turbine is being used as the test bed to evaluate these new 
regenerator materials and concepts. Since 1974, over 80, 000 engine test hours 
(160, 000 core hours) have been accumulated on regenerator systems. Core durability 
testing will continue in 1979 in an effort to demonstrate the Bxo °f f 0, 000 hours 

required for an industrial gas turbine engine regenerator. 

Late in 1974, the Alternate Automotive Power Systems Division of the Environ- 
mental Protection Agenejf joined with Ford Motor Company in an "Automotive Gas 
Turbine Ceramic Regenerator Design and Reliability Program. " In early 1975, th.’s 
program was transferred to the newly-formed Energy Research and Development 
Administration (ERDA), and since 1976 tills program has been under the direction of 
the National Aeronautics and Space Administration (NASA). A description of the work 
conducted in these programs is contained in References 1, 2, 3, and 4. 


The present DOE/NASA cost-sharing program with Ford Motor Company continues 
tlie cejsmic regenerator design and development work that was started under the 
original EPA/FCSD contract. This latest program is subdivided into ten major tasks. 
These tasks are: 


Task I — Core Durability Testing at S00°C (1472° P) 

Task U — Core DurabiHiy Testing at 1000°C (1S32°F) 

Task in — Material Screening Tests 

Task IV — Aero-Thermodynamic Perrormanee 

Task V — Design Studies of Advanced Regenerator ^sterns 

Task VI — Ceramic Therm^ StabEiiy Tests 

Task VII — Manufacturing Cost Studies 

Task vm — Core Material and Design Specifications 

Task IX — Program Management 

Task X — Reporting Requirements 


The technical progress in each of these tasks for the period from January 1, 1978 to 
March 31, 1978 is recorded in the foEo^vlng sections of this report. 
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DISCUSSION OF RESULTS 

TASK I. CORE DURABILITY TESTING AT 800°C a472°P) 

I. A. INTRODUCTION 

Reference 1 describes tlie engine test i-esults obtained by Ford Motor Company on 
litliium aluminum silicate ceramic regenerators used in the 707 turbine engine up to 
the end of 1973. These regenerator’ cores were mounted at the hub and driven through 
ceramic pins cemented into the rim. These data showed that chemical attack was the 
major cause of failure, and that this type of regenex’ator core configuration would have 
a BjLo lifs of GOO hours and a B50 life of 1600 hours. A B^o lifs of GOO hours was ob- 
tained from a Weibull Analysis of the failures in this sample, and means that 10% of 
the regenerators of this configuration will fail in less than 600 hours of engine test. 

A B50 life of 1600 hours means that 50% of the regenerators will fail in less than 1600 
Iiours of engine exposure. 

Reference 1 also contains tlie engine test results that wex’e obtained in 1974 and 
the first six months of 1975. Reference 2 describes the engine test results obtained 
during the last half of 1975 and the first three quax’ters of 1976. By this time, AS and 
MAS regenerators had been successfully fabx’icated, and showed promise in both 
accelerated and long-tex’m engine durability tests. Reference 3 contains tlie test re- 
sults obtained in the last quarter of 1976 and the first three quaxi:ex’s of 1977. Refex’- 
ence 4 describes the tests conducted in the last quaxiier of 1977. 

This repoit describes the results of the additional engine tests that were conducted 
on these same concepts from January 1, 1978 to March 31, 1978. Dux’ingthis period, 
4,128 engine test hours (8256 core hoiu’s) were accimiulated at S00®C (1472°F), ex- 
ceeding the px’ogram objective of 4000 engine hours for this pernod. The total accumu- 
lation of engine test hours since the start of the test px’ogram on January 1, 1974 
increased to 80, 000 hoiu’s (160, 000 core hours). 

LB. STATUS 


LB. 1 Durability Record of Aluminum Silicate Regenerator’s 


To date 19 different aluminum silicate (AS) regenerators, fabricated by Supplier 
A, have been engine tested in the Ford 707 turbine. While all diese cores are con- 
structed from the same matex’ial, they can be broken down into two classifications 
depending upon their wall thicimess. The original aliuuinum silicate configuration has 
aji average matrix wEill tliicloxess of 0. 11 mm (. 0043 in. ). Ih 1976, a high-pex’fox’mance, 
thin-wall configuration wdth a wall thiclmess of 0. 07 mm (. 0026 in. ) was started on dura- 
bility test. 

Ten thick-wall AS cores are being tested at S00°C (1472*^ F) imder identical oper- 
ating conditions and these cores malce up the control sample on which durability pro- 
jections will be based. The durability status of these cores is shown in Figure LB. 1.1. 
All cores have acquired at least 985 hours of engine durability. About 52, 000 core 
hours of engine test have been accunxulated on this aluminum silicate sample wdth the 
Inghest hour core having attained 7804 hoiu’s. At least two failures are required 
before a Weibull Failure Analysis can be undertal^en. There have been no failures of 
cores made from this material so a failux’e analysis cannot be stax’ted. A reliability 
projection, hviwevex’, can now be made if the shape of the Weibull failure cimfe is 
estimated. Using Weibull theory and a sample consisting of the seven, highest-hour 
AS cores, together ^vith an estimated failure eiawe slope, a Bio life of 5000 hours can 
be projected with 59% confidence. With tlie same theory, a Biq life of 3500 Hours can 
be projected for AS material udth almost 100% confidence. A Biq life of 3500 hour’s 
might be acceptable for an automotive application. 
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HOURS OF ENGINE TEST 
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Figure I. B. 1. 1 Durability Kecoi’d of Thick-Wail AS Regenerators 

Operating at 800°C (1472*^1). 



Seven tliin-waJl AS coi*cs have also been engine tested at 800°C (1472°F) as shown 
In Hgure I. D.1.2 and one core has accumulateti over 6388 houi's. 

The ninning histoi’>' of all of Supplier A*s AS cores tliat have been engine tested 
are shown in Figuro 1. B. 1.3. This figui'c also includes tlie two cores tested at 1000°C 
(1832^F) aiKi descx'ibetl in Section 11. B. Almost 71,000 houi's of engine test have been 
accumulated on tliis maUnial. None of those cores show any sexious signs of thex'mal 
distress or chemical ack dam.ago. To date, a total of eleven .AS cores have each 
accumulated over 4,ooo hours aivl six cox'os have each accumulated over 6,000 hours 
of engine tost witlxout visusxl distx*ess. 

It is planiKHl to continue testing AS i'egenex*atox*s for the xvmaiivler of 1978 and the 
fix'st half of 1979 to acquixv additional long-tex*m duralxility data. 
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Figure 1. B. 1.2 


Ourabillty liecord of Thin-Wall AS Hegenerators 
0|XM-ating at SOOV (M72 *'f). 
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Engine tests of two early MAS regenerators fabricated by Supplier D are described 
in Reference 1. The testing of both of these cores was terminated when the cement 
holding the hubs or center sections in place failed and caused damage in this region. 
Subsequently, an Improved procedure for bonding the center insert to the rest of the 
matrix was develop^ and used on a third core provided by Supplier D. This core was 
evaluated in both the accelerated chemical attack engine test and long-term engine 
durability tests (Reference 2 and 3). The cement holding the center Insert in place 
has failed, but the core has now accumulated 5381 total hours of engine test (Refer- 
ence 4). 


I 



Thermal stress cracks developed xn the third core after 200 hours of engine opera- 
tion, but remained stable throughout the rest of the test. An analysis conducted on 
this MAS material showed that at the operating temperature of 800°C (1472°F) the rim 
thermal stress safety factor could be substantially below unity. The mateiial in the 
rim area therefore, would be expected to fail and develop thermal cracks (Reference 4). 

In late 1977, Supplier D successfully fabricated several cores made from a new 
MAS material which is stronger and has a lower thermal expansion coefficient than the 
material used in the original three cores. Three of these second-generation MAS 
cores have been placed on engine test, with a maximum time of 475 hours accumulated 
on one core. A summary of the operating experience on first and second generation 
MAS cores is shown in Figuxe I.B.2.1. 

The new MAS cores have a 10 cm (4 inch) diameter hub insert that is smaller than 
that of the original MAS core which had a 23 cm (9 inch) diameter insert. This should 
decrease the likelihood of problems in the hub area. 

The stress relieving slots in the new M.AS cores extend all the way to the cold face 
and the ring gear is bonded to the cores with a greater compressive preload. Both of 
these changes were incorporated to increase the rim thermal-stress safety factor and 
are analyzed in detail in Section V.B.3. of Reference 4. 

It is planned to continue testing the new MAS regenerator made from the advanced 
material in the SOO^^C (1472°C) engine opei'ation. If schedules permit, this type of 
material and stress-relieving technique will also be evaluated in 1000°C (1832°F) 
engine tests. 
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Figure 1. B. 2. 1 Durability Record of First and Second Generation 

MAS Regenerators. 
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I.B.3. Hub Cement Failures 


As reported in References 2 and 3, the cement holding the hub insert in place 
failed in five different AS cores out of 19 that have been engine tested in the 707 turbine 
These cores, which w'Bre both thick and thin-wall, had accumulated between 68 and 
4750 hours at the time of failure. In each case, the failure was attributed to improper 
composition or improper processing of the cement itself. 


Several different concepts aimed at correcting this problem have been engine tested 
(Reference 3) and the most successful configuration is shown in Figure I.B.3.1. In 
this arrangement, the hub is cemented into a thin, 6.4 mm (.25 in) wide, solid ceramic 
ring and this sub-assembly is then cemented into the matrix. The ceramic ring allows 
better control of temperature during the firing of the cement, and it also provides a 
better match of the thermal expansion characteristics of the insert-matrix bond area 
to the rest of the matrix. 


ORIGP'rAT. ? 
OF POv'rt 1 1 


Thick-Wall, AS Core Containing Solid Ceramic Ring 
Around Hub Insert. 


All currently active AS cores that have undergone hub failures have been repaired 
to this configuration, and all new cores received from Supplier A have been built with 
this design. As a result, six cores with this new hub configuration have been on dura- 
bility test since late 1976, and their durability record is shown in Figure I.B.3.2. 

One of these cores has accumulated over 4300 hours . One low-hour failure occurred 
during 1977, and after extensive investigations the cause of this failure is still unex- 
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Figure I. B. 3,2 


Durability Record of Cores with Solid Ceramic Ring 
Around Hub Insert. 


These hub failures are still not considered to be a serious, fundamental problem 
Hubs utilizing a solid ceramic ring around the hub insert have been fabricated into 
several AS cores, and their durability record appears better than the original hub 
configuration. More engine test hours are needed to determine the durability life of 
this concept. 

I.B.4 Matrix — Elastomer Bond Separation 


Reasonably good durability has been obtained with the elastomer bonded ring gear 
on the thick-wall AS cores. The results obtained with the same elastomeric drive on 
the thin-wall AS core have not been as successful. Since the thin-wall matrix has a 
thinner cross section, it is weaker and has less capability for carryii^ thermal and 
mechanical loads. Every thin-wall AS core, bonded with the same procedure used 
with the thick-w'all cores, has had a separation in the elastomer-matrLx bond area. 
The operating history is showm in Figure l.B.4.1. Experimental and analytical evi- 
dence presented in Reference 4 shows that the eventual solution to this problem is the 
development of a high-compliance, elastomer system in w’hich the modulus of the 
elastomer is reduced at least 70%. This conclusion is supported by engine operating 
experience, also presented in Figure I.B.4. 1, which shows that a 50% reduction in 
m<^alus is inadequate and failures will occur with this arrangement. 
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Figure I. B. 4.2 High Compliance Elastomer Design. 
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Figure I. B. 4. 1 Durability Record of Thin-Wall, AS Regenerators 

Utilizing Different Elastomer Bonding Approaches. 


Three regenerator assemblies are now on lest in which the modulus of the elastomer 
has been reduced by 90-95%. One of these assemblies has now accumulated 4,272 
hours of engine test (Figure I.B.4.I.). These regenerator assemblies incorporate 
slots in the elastomer (Figure I.B.4.2.) to reduce the modulus. 
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Although the elastomer matrix bond area is still intact, a failure of the elastomer 
itself has occurred in the high-hour assembly. If the gear shown in the lower half of 
Figure I.B.4.2 moves from right to left, the drive torque will be transmitted as a 
tensile load through that portion of the elastomer marked *'A" and as a compressive 
load through that portion marked "B." All of the tensile load carrying members, "A," 
have failed in the long-life assembly, and for the last 800 hours the drive torque has 
been transmitted by the compressive load members only. The cause of these elastomer 
failures is being investigated, but apparently they do not disturb the functional behavior 
of this concept. 

It is planned to continue testing this slotted design through the remainder of the 
program, and all thick and thin-wall cores will be elastomerically bonded in the future 
with this configuration. The data accumulated to date suggest that this approach may 
result in the successful elastomeric bonding of the ring gear to thin-wall AS cores. 

I.B.5 Drive and Support System 


In 1974, the design and development of a rim-mount system was initiated to re- 
place the hub-mounting system then in use in the Ford 707 turbine. The ring gear, 
v/hich is attached to the rim with an elastomer, is supported at three points (Figure 
LB. 5. 1) . In addition to eliminating the need to develop solid ceramic hubs of AS and 
MAS materials, the elastomeric, rim -support system has stress reduction and cost 
advantages when compared to the earlier spring clip, hub-support system. 



Figure I. B. 5. 1 Photograph of Ford 707 Turbine Engine Housing 

Showing Modifications Required to Incorporate 
the Present Rim-'='apport System. 

_ 12 - ORIGINAL PAGE IS 

OF POOR QUALITY 


Except at the pinion location, the roller assemblies contain an outer race support 
ring (Figure I.B.S.i) for the ball bearing. This provides additional rigidity, reduced 
bearing speeds, and lower contact stresses in the bearing. 


Since the primary objective for operating these engines is to accumulate durability 
time on candidate regenerator materials and designs, the bearings are inspected 
every 350 to 400 hours in an effort directed at alleviatin{; any difficulties in the drive 
system before damaging a high-hour regenerator matrix. As a precautionary measure, 
the bearings are re-greased after each inspection. 

In order to eliminate the current necessity to lubricate these bearings, an experi- 
mental design concept was initiated during this report period. The new design replaces 
the ball bearing with a solid graphite bearing as shown on Figure I.B.5.3. This design 
concept was placed on test in one engine at the spring roller location, since it is lightly 
loaded compared to the fixed roller location. After 600 hours of engine test, the 
graphite bearing show no signs of distress with negligible wear. 

Due to the encouraging results of this initial evaluation, additional graphite spring 
rollers will be placed on test during the next report period. In addition, a graphite 
design concept for the fixed roller location has been initiated. 


At the present time, ten engines have been on test with the current three-point 
support system . No major difficulties have been encountered after 315, 1270, 1560, 
1710, 2195, 2315, 3035, 3285, 5430 and 6865 hours for a total of 27,970 operating 
hours. 



Figure I. B. 5.2 Photograph Showing Ball Bearing, Outer Race 

Support Ring, and Snap Ring. 
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Figure I. B. 5.3 Photograph Showing Graphite Bearing, Outer Race 

Support Ring, Shaft, Snap Ring, and Yoke. 

I. C. PROBLEM AREAS 


Two problem areas exist and they are: failures of the cement bonding the hub in- 
sert to the matrix and separation at the elastomer-matrix interface in the thin-wall 
AS regem rator. The first problem is discussed in Section I.B.3 and the second is 
discussed in Section i.B.4. Corrective action consists of a ceramic ring for the first 
problem and high-compliance elastomer design for the second problem. Hardware 
incorporating these changes has now been started on engine test. 

I. D. FUTURE PLANS 


During the next quarter, the amount of engine testing at bOO°C (1472° F) will be 
reduced, and more emphasis will be placed on engine tests at 1000°C (1832°F). This 
program change is discussed in detail in Section DC.B. of this report. Only the key, 
high-hour cores will continue on test in the two engines that will be committed to 
800°C (1472° F) operation. 


I. E. TASK SUMMARY 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Approximately 4128 hours of engine durability test (8256 core hours) at 800®C 
(1472°F) were completed from January 1, 1978 to March 31, 1978 on cores made 
from chemically-resistant materials and mounted with a rim support and drive sys- 
tem. 


Turbine engine durability tests on aluminum silicate regenerator cores show that 
this material is relatively impervious to chemical attack. Eleven cores of this 
material have each accumulated over 4^00 hours of engine test at 800°C (1472°F), and 
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one core has attained 7804 hours of engine test mth a minimal amoimt of chemical 
attack damage . 

A high thermal expansion MAS core has accumulated 5381 hours at 800^C (1472*^F). 
A MAS core made from a more advanced material having lower thermal expansion char- 
acteristics and greater strengtli has been placed on durability test and accumulated 475 
hours dui'ing this report period. 

One of Supplier A's thin-wall AS cores has now accumulated 6388 houi’s of engine 
test. Elastomeric bonding of the ring gear to this material z’equires additional develop- 
ment, since separations in the elastomer-matrix bond region have occurred on all thin- 
wall cores bonded using the conventional technique. Utilization of a high-compliance 
elastomer system shows promise of solving this problem. Tliree cores of this con- 
figuration are now' on test, with one having accumulated 4272 hoiu’s. 

The cement holding the hub inserts in place failed in five out of the eighteen AS 
cox’es that have imdergone engine test. A hub configimation which utilizes a solid 
ceramic ring around the hub insert is now' on test. One unexplained failure, has 
occurred in the six cores of tliis design that are now on test. Maximum operating 
time on this configuration is 4300 hoiurs. 

The spring-rollex’ ball bearings in the mounting system in one engine have been 
replaced by solid graphite bearings. Over 600 houx’s have been accumulated on these 
bearings with little or no w'ear. 




TASK n CORE DURABILITY TESTING AT 1000°C (l8Sa°F) 
n.A. rNTRODTJCTION 


Since the fourth quarter of 1975, a special 707 turbine engine has been operated 
at elevated regenerator inlet temperatui’es . Throughout the test the engine has been 
operated at an average regenerator inlet temperature of 982°C (1800°F) with excur- 
sions of 30°C (52°P) above and below this value being permitted. These regenerator 
inlet temperatoes are obtained by operating the engine at 1065-1080°C (1950-1975°F) 
timbine inlet temperatures at 60 to 65% gasifier spool speed and low power turbine 
speeds. 

The objective of Task n of tlie DOE /NASA Ceramic Regenerator Progx’am was to 
accumulate 1000 core -hours diu’ing the first quarter of i97S at an inlet tempex’ature 
of 1000°C (1832°F), A total of 1354 core-hours at this temperature were accumulated 
during tliis period. 

n.B. STATUS 


An AS thick-wall core is installed on one side of the high temperatime engine and 
an AS thin-ivall core is on the ofiier side . The thick-wall AS coi’e has been in place 
since tlie start of this test, and the thin-wall AS core was installed in 1976 when a 
core of an altex-nate material failed due to stresses induced by thermal gradients and 
chemical attack damage . 

The thermal stress safetj’’ factor for aluminum silicate at tliese temperatures w'as 
determined in Reference 2, This material has a the 'al sti'ess safety factor of about 
7.5 at 1000°C (1840°P), Providing the material is thermalljf stable, tlie aluminum 
silicate x’egenei'ator should have no problems with thermal stresses at tliis tempera- 
time. To date, the tliiek-wall AS core has accimiulated 4983 hours at an average inlet 
temperatime of 982*^0 (1800°F), and it shows no evidence of thermal or chemical 
distx’ess . 

The px’esent Task II status is summarized in Table II.B.l and shows that the thin- 
wall core has now accumulated 2680 hours at an avex’age inlet temperature of 982°C 
(1S00°F). A failime at the elastomer bond-mati'ix intei'face occiumed In this thin-ivall 
core aftex’ 271 hoims . The failure is typical of tliin-wall AS cox'es bonded unth the 
original px’ocess. The core has been rebonded and returned to test. This failure 
mode and the coimective action are descxubed in Section I.B.4, 

n.C. PROBLEM AREAS 

Thex’e are no problem ai*eas associated mth this task. 

H.D. FUTURE PLANS 

Testing of the thick and thin-ivall AS cox’es descx'ibed above iviU continue at 1000°C 
(1832°F). In addition, two more engines will be converted to 1000°C (1832°F) opera- 
tion in the next quarter. This progx*am change is described in more detail in Section 
IX. B. of tliis report. Additional tliln-wall AS cox’es and MAS cores, if available, mil 
be placed on durability test in these two additional engines . 

n.E. TASK SUMMARY 

About 4983 hours of engine test at an average regenerator inlet tempex'atime of 
982*^G (1800°F) have been accumulated on a thick-wall aluminum silicate core, and 
2680 hoims at this temperatui’e have been accumulated on a thin-wall AS core. 

Neither coi'e shows any signs of thermal or chemical attack damage after this expo- 
sure . 


MATERIAL 


HOURS 


SAFETY 

FACTOR 


STATUS 


AS 

THICK WALL 

4983 

7.6:1 

NO 

DISTRESS 

AS 

THIN WALL 

2680 

7.5:1 

ELASTOMER- 
MATRIX BOND 
FAILURE 


Table It, B. 1 Summary of Current Engine Tests at 982°C {1800°E). 
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TASK m material SCREE-NING tests 


m.A. INTRODUCTION 

The material screening tests, a progressive series of three tests, carried out on 
laboratory samples, engine core inserts, and full-sized cores, are designed to system- 
atically evaluate potential ceramic regenerator core materials. Materials success- 
fully passing these tests should serve well as gas turbine regenerators at 800°C 
(1472°E). 

Many of the data of this task and of Task VI, "Thermal Stability Tests of Ceramics, " 
are reported graphically. The same grapliing legend Is used in both of these sections 
and is shown on each figure . 

m.B. STATUS 


ni.B.l Laboratory Tests 


In this portion of the material screening tests, candidate materials are evaluated 
under laboratory conditions designed to simulate regenerator cold face and hot face 
chemical attack. Nine experimental materials (5-MAS, 2-leached LAS, 1-LAS, and 
1 -LASAiAS) in addition to the 9455 LAS standard have been introduced into this testing 
program. Recently, tluree additional MAS materials were acquired, and these materials 
are presently being groimd, cleaned and measured prior to their evaluation by this 
testing scheme. 

During the past reporting period, three experimental matex'ials have completed 
the cold face testing program. This completes the original group selected for testing, 
and the data are summarized in Figiu’e m.B.l.l. By far the majority of the materials 
are quite stable under the cold face test conditions. One MAS, that of Supplier J, 
exhibits a consistent gro\vth trend; while the LAS material of Supplier B experiences 
a small, but consistent contraction. Several data points are superimposed, and these 
points are indicated by arrows connecting the symbols with their proper position. 

Figures III. 3. 1.2 through HI. B. 1.11 are the respective thermal expansion be- 
haviors of the nine experimental materials and the 9455 LAS standard before and after 
cold face testing. A comparison of these figures, in light of the cold face test data of 
Figure m.B.l.l, points out the effect of the sulfuric acid exposure which may be 
encountered under some gas turbine X'egenerator cold fece conditions. Note the dif- 
ference in scales among the various figures. 

The 9455 LAS standard, which exhibits quite a bit of growth under the cold face 
test conditions (Figure m.B.l.l) has undei’gone some pronounced changes in thermal 
expansion behavior (Figure in. B. 1.2). Obviously, the material has imdergone a 
physical (and most likely chemical) change. Fignxre III. B. 1.5 depicts the thermal 
expansion depression experienced by the LAS/MAS material of Supplier K. The basic 
thermal expansion behavior has not been chai^'ed by the cold face test exposure, and 
the test data of Figure m.B.l.l indicate the good stability, under cold face conditions, 
of tliis material. Of interest is the opposite behavior of the two LAS materials tested 
imder cold face conditions; the 9455 standard and the experimental material of Sup- 
plier B. The standard expanded, while the otlier contracted (Figiure m.B.l.l). 
Comparing Figures m.B.1.2 and m.B.1.7, one observes quite diffex'ent thermal 
expansion changes; in one case (the standard) the thermal expansion is severely de- 
pressed by the proton-for-litliium ion exchange promoted by the cold face test condi- 
tions. The experimental LAS has experienced just the opposite effect; the post-test 
thermal expansion behavior is significantly highei'. The final LAS-based materials 
tested xvere two leached LAS compositions: one feom Supplier A and another from 
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Supplier B . Again, a comparison between their respective thermal expansion data 
plots {Figures HI. B. 1.3 and m.B.1.9) with respect to the cold face test data (Figure 
IH.B .1.1) demonstrates the inter-consistency of the data. A small amount of cold 
face test growth was experienced by the leached LAS of Supplier A, and the attendant 
depression of the thermal expansion curve suggests further leaching. This trend is 
suggestive of the changes experienced by the 9455 LAS standard, although the leached 
LAS of Supplier A is less affected and retains the character of the original thermal 
expansion. In contrast, the thermal expansion of the leached LAS material of Sup- 
plier B is elevated after cold face testing (Figure IH.B.1.9). This material suffered 
little measurable change during the course of the cold face laboratory test. 
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Figure m. B. 1. 1 Physical Stability of Various Materials Under Cold 

Face Test Conditions. 
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The MAS materials tested under cold face conditions also were examined for 
changes in thermal expansion behavior . Figures IH.B.1.4, HE, B. 1.6, II1.B.I.8, 
m.B.l.lO, and IH.B.l.ll compare measured thermal expansions of these materials 
before and after cold face testing. Again, the reader is cautioned to note the dif- 
ference in gi'aph scales when comparing one figure to another. An immediate obser- 
vation of interest is the small amount of change in thermal expansion experienced by 
these materials which, for the majority, have demonstrated good resistance to the 
cold face test conditions . An -nteresting exercise is the ordering of the materials 
in the direction of increasing gro\vth under cold face test conditions . This leads to 
the observation that the MAS materials exhibiting the greatest stability under cold 
face test conditions. Supplier C (Figure HI. B. 1.10) and Supplier E (Figure m.B.1.4), 
have a liigher thermal expansion after testing. The remaining three MAS materials; 
those of Supplier D (Figure m.B.1.6), Supplier I (Figure m.B. 1. S), and Supplier J 
(Figure m.B. 1.11) experienced more growth under the cold face test conditions, and 
these materials were left with a lower thermal expansion behavior after testily. One 
might speculate that a stress corrosion mechanism may be operative in the extension 
of existing cracks in these materials , thereby effecting a microcrack-like effect and 
lowering the thermal expansion. Clearly, the less affected materials are influenced 
quite differently by the same test conditions . No mechanism to explain the attendant 
increase of the thermal expansion of these MAS specimens is offered, as the reader 
is certainly as capable of speculation as is the author. The effect has been observed 
and recorded and, perhaps combined with subsequent data and analyzed sufficiently, 
will one day be understood. 

In coinplementai'y fashion, testing to evaluate regenerator materials under hot face 
conditions have been cax'ried to completion on the same 9 materials plus the 9455 LAS 
staiidard. The data compiled to date are presented in Figure III.B.1.12. All but one 
matei’ial, the LASAiAS of Supplier K, show improved I’esistance to sodium attack at 
800°C (1472°F) compared to the 9455 LAS standard. The LAS materiul of Supplier B 
exhibits good stability under these test conditions, expei’iencing a growth intermediate 
between that of the most resistant MAS materials and the remainder of the test group. 
The two leached LAS materials behave alike . The group of MAS materials exhibit a 
range of stability; this variance in behavior has been previously observed and attributed 
to the individuality of each material in terms of composition and processing. Most of 
the materials experience an immediate and significant reaction to the elevated sodium 
treatment, followed by subsequent periods of virtual stability. In some cases there 
are small amounts of growth, and some of the materials experience a consistent, though 
diminished, groufth after the initial toeatment period. The final data reflect a growth 
in every material; and longer time data, such as that generated in the Thermal Sta- 
bility Tests of Ceramics (Section VI), may be more informative. It would appear that 
the initial sodium intrusion into these materials may form a boundary zone through 
which further penetration is slowed. The diffusion of sodium from this boundary zone 
into adjacent, pristine material would then become the rate -controlling step. The 
px’ogress of this diffusion, causing modification of the sodium ion concentration and 
the establishment of a gx’adient in the near-sm'face zone of exchange , could reactivate 
a subsequent utilization of surface sodium. 

Figures Etl.B.l.lS through III. B. 1.22 display the thermal expansion behavior of 
the nine experimental materials and the 9455 LAS standard before and after hot face 
testing. A comparison of these figures, using the hot face test data of Figure 
m.B. 1.12 as a reference, provides an insight into the changes experienced by these 
materials during their exposure to the laboratory test conditions designed to simulate 
the hot face of a gas tiu’bine regenerator. 

Materials containing an LAS phase are the 9455 standard (Figure m.B. 1.13), the 
LAS/MAS material of Supplier K (Figiure m.B. 1.16), and the material of Supplier B 
(Figure m.B. 1.18). The 9455 standard experienced a mild elevation in thermal 
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expansion behavior, but the basic chai'acter of the material response co temperature 
change was unmodified. Although the LAS of Supplier B exhibited better stability 
under hot face test conditions , the tliermal expansion change attending the testing was 
much more drastic. The natime of the thermal expansion has changed. Originally 
mildly conti’active , this material has become slightly expansive after exposure to 
sodium at 800*^0 (1472°F) for 500 hours. The LAS/MAS material from Supplier K 
experienced a great change in thermal expansion behavior and is reflective of the lack 
of resistance to sodium which was evidenced diming hot face testing. 

The two leached LAS materials demonstrated compax’able stability under hot face 
test conditions; however, the change in thermal expansion behavior after hot face 
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testing was quite different for the respective materials „ After testing, the leached 
las of Supplier A has become more strongly contractive with increasing temperature 
(Figure III.B.1.14). The leached LAS of Supplier B has become slightly expansive 
after testing (Figure III.B.1.20). This effect is rather dramatic, as the original ex- 
pansion behavior, as measured dilatometrically, was rather contractive. 

The MAS materials compared under hot face test conditions experienced a range 
of elongation va^'ying from nil to 450 ppm after 504 test hours . An interesting trend 
emerges if one ranks the materials in order of increasing elongation (Suppliers: E, 
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Figure m. B. 1. 3 Supplier A Leached LAS; Thermal Expansion Before 

and After Cold Face Testing. 
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C, I, J and D). Their respective thermal expansion plots before and after hot face 
testing (Figures; m.B.1.15, III.B.1.21, 1II.B,1.19, HI. B. 1.22, and m.B. 1.17). 

The first two materials, which experienced virtually no physical change as a result 
of the hot face testing, have undergone negligible change in thermal expansion behavior. 
The remaining three materials, each suffering more hot face test gro\rth than the last, 
also exhibit a correspondingly greater perturbation in their thermal expansion behav- 
iors. The more resistant MAS materials experience a small decrease in thermal 
expansion after hot face testing, while the less resistant MAS materials experience 
an increase. This, again, is suggestive of a microcracldng type of damage phenom- 
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Figure in. B. 1. 4 Supplier E MAS; Thermal Expansion Before and After 

Cold Face Testing. 
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enon. Of interest is the observation that, for each respective MAS material, the 
change in thermal expansion after hot face testing is of opposite direction to that 
change following the cold face testing. These observations point out a consistency of 
material response to the test schemes; and, statistically, lend additional credence to 
the test data. 
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Figure m, B. 1. 5 Supplier K LAS/MAS; Thermal Expansion Before and 
After Cold Face Testing. 
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Figure m. B. 1. 11 Supplier J MAS; Thermal Expansion Before and 

After Cold Face Testing. 
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Figure IH. B. 1. 13 9455 xjAS Sfcandard; Thermal Expansion Before and 

After Hot Face Testing. 
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Figure in. B. 1. 15 Supplier E MAS; Thermal Expansion Before and 

After Hot Face Testing. 
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Figure HI. B. 1. 17 Supplier D MAS; Thermal Expansion Before and After 

Hot Face Testing. 
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Figure HI. 1. 18 Supplier B LAS; Thermal Expansion Before and After 

Hot Face Testing, 
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Figure in. B. 1.22 Supplier J MAS; Thermal Expansion Before and After 

Hot Face Testing. 




m.B.2 Ac celerated Corrosion Testing — Matrix Inserts 

Accelerated corrosion testing of the first set of naatrix inserts (SuppUei K-LAS/ 
mas. Supplier I-MAS, Supplier E-MAS, and Supplier J-MAS) was completed last 
reporting period. The sampling procedure was described and the 25-hour and 39- 
hour interval chemical test data were included in the report of the prior quarter of 
work (Reference 4) . 

During this reporting period, chemical analyses have been completed for the 
sampling intervals of 80 and 120 hours, which completes the accelerated corrosion 
testing of this first group of matrix inserts. These data are presented in Tables 
III.B.2.1 and ni.B.2,2. These chemical analysis data corroborate the hot and cold 
face data in that the MAS materials seem quite stable in this sodium engine environ- 
ment (test details may be found in Reference 3), while the LAS /MAS of Supplier K 
experiences a continual uptake of sodium during the course of the test. Similar co the 
hot face data, this sodium uptake is rather rapid initially, progresses quite slowly 
durii^ the middle portion of the test, and finally increases in rate at longer times. 
There appears to be a complementary decrease in magnesium content of this material 
with time; however, the magnesium data for the MAS materials would suggest that the 
observed changes are within anal 3 rtical precision. 

These data should not be interpreted to mean that the MAS materials are unaffected 
by the accelerated corrosion testing. The magnitude of the changes experienced by 
the MAS materials is, however, quite less than that experienced by the IAS /MAS 


Sample 

Position 

Solution 

%Na20 

%Li20 

%MgO 

Supplier K 

Cold face 

Water 

0.74 

0.10 

0.03 

LAS/MAS 

Cold face 

Acid 

0.40 

2.11 

4.33 

Supplier K 

Hot face 

Water 

3.03 

0.06 

0.06 

lAS/MAS 

Hot face 

Acid 

1.66 

2.43 

5.89 

Supplier I 

Cold face 

Water 

4.48 


0.02 

MAS 

Cold face 

Acid 

0.16 


14.99 

Supplier I 

Hot face 

Water 

5.23 


0.08 

MAS 

Hot face 

Acid 

1.20 


12.94 

Supplier E 

Cold face 

Water 

0.85 


0.01 

MAS 

Cold face 

Acid 

0.04 


15.95 

Supplier E 

Hot face 

Water 

2.61 


0.02 

MAS 

Hot face 

Acid 

0 o 34 


15.55 

Supplier J 

Cold face 

Water 

1.32 


0.07 

MAS 

Cold face 

Acid 

0.04 


14.64 

Supplier j 

Hot face 

Water 

1.48 


0.04 

MAS 

Hot face 

Acid 

0.52 


12.89 


N.D. = Not Detected 
Blanks = No Analysis 

Table m.B.2,1 Chemical Analysis After 80 Hours Exposure 
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material. This conclusion is demonstrated by the changes in thermal expansion ex- 
perienced by these four materials after 120 hours of accelerated corrosion testing as 
matrix inserts. These data are presented in Figures IH.B.2,1 through IH.B.2.4, 

The MAS materials of Suppliers E and J {Figures in,B.2,3 and ni.B.2.4, respectively) 
have expertenced very little change in thermal expansion behavior, both from the point 
of view of the nature of the expansion curves and the magnitude of the change . Each is 
slightly depressed. The response of the MAS of Supplier E is similar (but smaller in 
magnitude) to the results of the hot face testing. Material of Supplier I experiences 
less change than it did under the conditions of the hot face test. The MAS of Supplier 
I (Figure IH.B.2.2) experiences a similar chaise in thermal expansion behavior 
(though 600°C) as that resulting from the hot fece test. Again, the magnitude of the 
change after accelerated corrosion testing as matrix inserts is less . The LAS/MAS 
material of Supplier K (Figure in.B.2.1) experiences a larger change in thermal 
expansion (note scale differences among figures) than did the MAS materials tested 
concurrently (although not significantly greater than that MAS of Supplier I) . The 
change in thermal expansion is, like that experienced by the MAS materials, of the 
same character but smaller in magnitude than the thermal expansion changes observed 
after the same materials completed the hot face portion of the materials screening 
tests. In summary, these accelerated corrosion test data of matrix inserts support 
the conclusions based on the laboratory testing section of this series of materials 
screening tests. However, these data, when compared to the hot face test data would 
suggest that the hot face corrosion test is more demanding of the materials than is the 
accelerated corrosion testing, via the salt ingestion gas turbine engine, of matrix in- 
serts . 


Sample 

Position 

Solution 

%NagO 

%LigO 

%MgO 

Supplier K 

Cold face 

Water 

0.85 

0.18 

0.03 

lasAias 

Cold face 

Acid 

0.36 

2.52 

4.53 

Supplier K 

Hot face 

Water 

1.62 

0.04 

0.08 

LAS/MAS 

Hot face 

Acid 

2.05 

2.59 

4.73 

Supplier I 

Cold face 

Water 

3.73 


0.02 

MAS 

Cold face 

Acid 

0.20 


9.46 

Supplier I 

Hot face 

Water 

3.10 


0.06 

MAS 

Hot fe.ce 

Acid 

0.82 


9.07 

Supplier E 

Cold face 

Water 

1.04 


0.01 

MAS 

Cold face 

Acid 

0.34 


11.58 

Supplier E 

Hot face 

Water 

3.28 


0.04 

MAS 

Hot face 

Acid 

0.50 


11.06 

Supplier J 

Cold fece 

Water 

2.05 


0.09 

MAS 

Cold face 

Acid 

0.04 


13.71 

Supplier J 

Hot face 

Water 

3.29 


0.11 

MAS 

Hot face 

Acid 

0.58 


14,17 


N.D. = Not Detected 
Blanks = No Analysis 

Table ni.B.2.2 Chemical Analysis After 120 Hours Exposure 
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Supplier K LAS/MAS; Thermal Expansion Before and 
After 120 Hours of Accelerated Corrosion Testing as 
a Matrix Insert. 























TTT.b. 3 Accelerated Corrosion Testing — Full Size Cores 

full-size cores have been procured to begin this phase of the materials screen- 
ing tests. The first core. Supplier D-MAS, has been prepared for engine service and 
is presently being rim under non-accelerated test conditions for preliminary evalua- 
tion. The second core, Supplier C-MAS, is prepared and awaiting a drive gear prior 
to test initiation. The progress of these test cores will be reported as the testing 
evolves. 

ni.C. PROBLEM AREAS 

The materials screening tests at the laboratory and matrix insert level are pro- 
gressing well. A delay in the delivery of ring gears has slowed, somewhat, the pro- 
gress of the accelerated testing of full size cores. New gears will be available early 
m the second quax*ter. 

ni.D. FUTURE PLANS 

Three new MAS materials have been procured and are being prepared for intro- 
duction into tlie hot face and cold face testing programs next reporting period, A 
leached LAS host core has been fitted with 5 new material matrix inserts {3-MAS, 1- 
LAS, 1-leached LAS) and will begin testing next period. Two MAS cores are about to 
begin full size core accelerated corrosion testing. 

m.E . TASK SUMMARY 

A majority of the materials scheduled for laboratory testing under hot face and 
cold face conditions have progressed to completion, and the I’esulting data have been 
reported . The final chemical analyses for the first set of four matrix inserts exposed 
to accelerated corrosion testing have been completed and I'eported. The laboratory 
and accelerated corrosion engine tests have generated supportive data, althougli the 
laboratory test appears to be more severe tlian the engine accelerated chemical attack 
test. Finally, two cores are being px’epared for accelerated corrosive testing in the 
salt ingestion gas turbine engine . 




TASK IV. AEROTHEHMODYNAMIC PERFORMANCE 


IV .A. INTRODUCTION 


The mati'ix fin configuration selected for a given heat exchanger, under specific 
engine conditions, has a significant influence on the level of thermal stress and aero- 
thermodynamic performance. In order to evaluate aerothermodynamic performance 
of prospective fin configurations, a shuttle rig was designed and fabricated (Section Q 
in Reference 1) . 

The essential parameters required for accurate heat exchanger performance W'e- 
diction are the basic heat ti'ansfer (J = Stanton-Prandtl No. = Colburn No. = C 2 RE^^) 
and pressure drop (F = Famiing Friction Factor = C^/RE) characteristics of the 
matrix fin geometry being evaluated as a function of a nondimensional flow parameter 
(RE = Reynold's No.). In oi'der to obtain the basic heat transfer and pi’essure drop 
data, a ti’ansient technique similar to tlie "sliding drawer" teclmique described in 
Reference 5 was used. By determining the maximum slope of the fluid temperature 
difference curve dui'ing the cooling tx'ansient, tlie Colburn No. of the test matrix can 
be determined for each flow condition (Reynold's No.). The tlieoretical basis for this 
measurement technique is described in Reference 5 , 

In addition to the dependence on the maximum slope of the fluid temperature dif- 
ference curve during the cooling transient, the level of the heat transfer characteris- 
tics (Colburn No.) is dependent on the fin parameter values utilized for data reduction. 
Tliis was previously discussed in Section Q in Reference 1. Utilizing the present 
technique, the pertinent fin parameters required for data reduction are highly depen- 
dent on the acciu'acy of the wall density (p value of the matrix material. 

Since erroneous estimates of the fin parameters can introduce significant dis- 
crepancies in the F and J curves, an alternate set of heat transfer and pressure drop 
characteristics that eliminates the necessity of estimating fin parameters was derived 
(Section Q.6 of Reference 1). In addition, the alternate characteristics allow a dii'ect 
comparison of test data from diffei*ent sources, since a universal method of deter- 
mining pertinent fin pai’araeters is non-existent at this time . The alternate pressure 
drop and heat tx*ansfer charactex’istics can be presented in tlie following fox'ms; 
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.. . CT' . 


Where: 


= Matrix pressure drop — KPa (psi) 

= Fluid px'essure •-* KPa (psia) 

= Flow length — cm (in) 

= Air Mass flow I'ato — Kg/sec/(lb/sec) 

= Fluid temperature -- °K (°R) 

2 2 

= Alatrix fe'ontal area — m (ft ) 

= Open area I'atio 

= Fanning' Friction Factor constant for laminar flow = F*RE 
» Hydraulic diameter — cm (in) 

= By definition, the number of heat transfer units (determined from the max- 
imum slope of the fluid temperature difference curve during the cooling 
transient as described in Reference 5) 

= Colburn No. constant for laminar flow = J/RE^2 

X 

= Reynold's No. (RE) exponent from tlie Colburn No. (J = Cg RE 2) 

= 3.5G (10~^)_^1__ 3.506(10"^°) 

ffDH^ L 

= 4.98 [62.6(10"'^)] “^2 Cgtr '*^2 4.98 [21.9(10"'^)] 





Once the constants (C and A) have been determined from tlie equation of the line 
for the alternate performance characteristics, tlie pertinent constants (C^ and C2) for 
the basic performance cl.aracteristics can be determined from estimated values of a 
and DH. 

IV. B. STATUS 

The heat transfer and pressure dx’op charactexistiGS for tlxe first twenty-seven 
matrix lin configurations evaluated in the shuttle x'ig were presented in Refex’ence 3 
(Section rV). Two additional mati-ix fin configurations wore evaluated during this 
report pei'iod . The complete tabulation fox* all of the matx'ices evaluated is listed on 
Tables IV.B.l and IV.B.2. 
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zrt;:: 


The present matrix sample size contains seventeen rectangular (core no. 2, 3, 6, 
8, 9, 12 thru 17, 21 thru 24, 28 and 29), two hexagonal (core no. 26 & 27), eight 
sinusoidal (core no. 1, 5, 7, 10, 11, 19, 20. and 25) and two isosceles triangular (core 
no. 4 and 18) fin configurations. In addition, the present sample size represents a 
good cross-section of the different manufacturing processes, which are currently 
being evaluated as follows: 


1. 

Supplier A 

— Co3crugating or extrusion 

2. 

Supplier C 

— Corrugating 

3. 

Suppliers D and E 

— Calendering 

4 . 

Supplier I 

— Extrusion 

5. 

Supplier B 

~ Stacked tube 


Matrix samples 28 (Figure IV.B.l) and 29 (Figure IV. B. 2) evaluated during this 
report period were extruded by Supplier A. The alternate heat transfer and pressure 
drop characteristic.s, which are based on measured test data, for matrices 28 and 29 
are shown on Figures IV. B. 3 and IV .B. 4 respectively. 

The wall densities of matrix specimens are determined using mercury intrusion 
porosimetry data generated using a motor driven digital readout porosimeter. This 
unit has a hypobaric response from 35 Kpa (5.1 psia) and a hyperbaric capability of 
103350 Kpa (15000 psia). The porosimeter has been inoperable for the previous two 
quarters; however replacement parts have recently been received so additional wall 
density data will be generated during the next reporting period. Consequently, the 
pertinent fin parameters (o- and DH) required for the standard performance charac- 
teristics for matrices 28 and 29 are based on an estimated value for the wall density (P^j) 
of the material. Figures IV.B.5 and IV .B. 6 illustrate the standard heat transfer (J) 
and pressure drop (F) characteristics for matrices 28 and 29, respectively. Once 
the wall density of the material is measured these characteristics may require adjust- 
ment. 

In order to compare matrix fin geometries on an equivalent basis, the hydraulic 
diameter, material wall thiclmess and flow length should be approximately the same. 
From the existing matrix sample size (Table IV.B.l and IV. B, 2), the embossed 
square matrix no. 6 and extruded matrices 12 (square) and 18 (isosceles triangular) 
appear to have hydraulic diameters and flow lengths equivalent to the approximated 
values for matrices 28 and 29. The standard and alternate heat transfer and pressure 
drop characteristics for these matrices are repeated on Figiures IV. B. 7 and IV. B. 8, 
respectively. 

From the alternate performance characteristics (Figure IV. B. 8) matrix 29 exhibits 
the same heat transfer characteristics with slightly lower pressure drop charactei’is- 
tics when compared to matrix 12, which was fabricated from the same basic tooling. 

As previously discussed in reference 3, tlie importance of the fin material thiclmess 
is again illustrated by matrix 28. Due to the significantly thinner wall (.173 mm), 
matrix 28 exhibits the highest heat transfer potential and the lowest pressure drop. 

Based on the standard pei'formance characteristics (Figure IV .B. 7), which are 
based on the actual geometric opening with the wall thiclmess factored out, matrices 
28 and 29 appear to be comparable to the similar matrices (6 and 12) previously 
evaluated. 
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Photograph of Matrix 28 
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IV .C . PROBLEM AREAS 


No major problems exist at this time. A minor problem at this time is the in- 
house porosimeter, which is temporarily inoperable. This condition should be recti- 
fied during the next report period, since the replacement part has been ordered. 

IV .D . FUTURE PLANS 


Pour additional matrix samples are scheduled for evaluation during the next report 
period. 


IV .E , TASK SUMMARY 


With the two additional extruded square matrices tested during this report period, 
a total of twenty-nine matrix fin configurations have been evaluated at the present time. 
Seventeen rectangular, eight sinusoidal, two isosceles triangular, and two hexagonal 
configurations comprise the present matrix sample size. 

Due to the significant reduction of the wall material thiclcness (.173 mm) for the 
extruded square matrix 28, it exhibits superior heat transfer and pressure drop char- 
acteristics compared to equivalent matrices previously evaluated. 
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V . DESIGN STUDIES OP ADVANCED REGENERATOR SYSTEMS 


V.A. INTRODUCTION 


Since 1973, design studies of ceramic heat exchanger systems have been carried 
out in order to analytically evaluate the structural performance of the various sup- 
pliers’ matrices and to compare different drive, mounting, seal and stress relief 
schemes. Two types of rotary heat exchangers have been studied; a regenerator 
sized for the Pord 707 gas turbine engine and a preheater sized for the Ford Stirling 
engine. The regenerator has a 716 mm (28.2 in) outside diameter and is 73 mm 
(2.86 in) thick. The preheater has a 458 mm (18.04 in) outside diameter, a 190 mm 
(7.50 in) inside diameter, and is 41 mm (1.6 in) thick. These ceramic heat exchanger 
systems have been analyzed for temperature inlet conditions of 800°C (1472°F) and 
1000°C (1832°F) (Reference 1, 2). Task V of the NASA/Ford ceramic Regenerator 
Program deals with design studies emphasizing regenerator system materials and con- 
figurations intended to improve aerothermodynamic performance , reduce thermal 
stress , and provide for higher temperature operation. 

V.B. STATUS 


V .B . 1 Material Properties 


In the previous quarterly progress report, the results of statistical analyses of 
the radial and tangential modulii of rupture (MOR) and the radial compressive strength 
of specimens cut from several Supplier A tMn-wall aluminum silicate regenerator 
cores incorporating a sinusoidal triangular Rn with a wall thickness of .061 mm 
(.0024 in) were reported. In order to more completely characterize the mechanical 
properties of this matrix, the radial and tangential modulii of elasticity (MOE) have 
been measured and are reported here . 

As were the modulii of rupture, the elastic modulii were measured using a four- 
point bend test. Specimen dimensions were 152 mm x 25 mm x 13 mm (6.0 in x 1.0 
in X 0.5 in). The loading spans were 102 mm and 51 mm (4.0 in and 2.0 in). The 
specimen faces were ground flat and parallel to .025 mm (.001 in). The MOE was 
determined by strain-gaging the tensile surface of the specimen and recording load 
vs. strain. The specimens were cut from a 716 mm (28.2 in) diameter regenerator 
core at a radial location of about 343 mm (13.5 in). Weibull plots of the strength 
data are repeated in Figures V.B. 1.1 through V.B. 1.3 for reference. The MOE data 
are plotted in Figures V.B. 1.4 and V.B, 1.5. 

A statistical evaluation of the radial and tangential flexure strer^th and modulus 
has been carried out for the Supplier I extruded MAS matrix incorporating an isosceles 
triangular fin with a wall thickness of .135 mm (.0053 in). A full-size extruded 
regenerator has not been produced, so test specimens were cut firom 51 mm (2 in) 
square sample extrusions. For these samples, the radial direction was considex’ed 
to be perpendicular to the matrix separator sheets. Specimen dimensions were 51 mm 
X 13 mm X 13 mm (2.0 in x 0.5 in x 0.5 in) and the loading spans were 38 mm and 13 
mm (1.5 in and 0.5 in). As always, the specimen faces were ground flat and parallel 
to j;_ .025 mm (.001 in). Weibull plots of the strength and modulus data are pi’esented 
in Figures V.B. 1.6 through V.B. 1.9. 

Flexure strength and elastic modulus data, as well as radial compressive strength 
data, have been generated for the Supplier D embossed rectangular fin MAS-2 matrix 
incorporating a wall thickness of approximately .193 mm (.0076 in). As discussed in 
Task I, a Supplier D MAS-2 regenerator has been placed on engine test at 800^0 
(1472^F). A finite element thermal stress analysis, based on preliminary mechanical 
property data, was described in the previous quarterly report and indicated that this 
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regenerator, properly stress relieved, has the potential for operation at an inlet 
temperature of 1000°C (1832°P). Flexure test specimens with dimensions of 114 mm 
X'2“5 mm X 13 mm (4.5 in x 1.0 in x 0.5 in) were cut from a 716 mm (28.2 in) diameter 
regenerator core at a radius of 343 mm (13.5 in) and prepared in the usual manner. 
Radial compressive strength specimens with dimensions of 51 mm x 51 mm x 51 mm 
(2.0 in X 2.0 in X 2.0) were taken from approximately the same radial location on the 
core. Compressive strength was measured by loading the specimens to failure in a 
testing machine at a cross-head speed of 5 mm/min (0.2 in/min). Upper and lower 
specimen surfaces were ground flat and parallel to + ,025 mm (.001 in). In order to 
provide uniform loading, thin elastomer sheets were incorporated on the specimen 
loaded surfaces. 



TANGENTIAL MOR — PSI 

Figure V. B, 1. 1 Supplier A Tliln-Wall AS Tangential MOR. 
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Figure V. B. 1* 3 


Supplier A Thia-Wall AS Radial Compression Strength. 
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Figure V. B. 1, 4 Supplier A Thin-Wall AS Tangential MOE. 
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Figure V. B. 1. 7 Supplier I MAS Radial MOR. 
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Matrix Mechanical Properties 























V .B . 2 Drive and Mount Analysis 


As described in Task I, there have been repeated instances of Supplier A thin- 
wall AS regenerator core compressive stress failures during the process of elastom- 
erically bonding the ring gear to the ceramic matrix. Cohesive failures of the matrix 
at the elastomer /core interface during engine operation have also been prevalent in 
this type of regenerator, and have happened occasionally with thick-wall Supplier A AS 
cores. Recently, elastomer configurations providing a more compliant bond between 
the core and the gear have been incorporated, with some success, to inhibit such 
failures . 

The operating experience of regenerators incorporating compliant elastomer 
schemes is described in Task I. These schemes are intended to preclude compressive 
stress failure in the bonding fixture and to isolate the core from stress imposed during 
operation by the drive support system. One such scheme, which provided mixed dura- 
bility results, provided compliance by introducing 300+equally spaced axial holes in 
the elastomer. As described in Task I, a more successful scheme incorporates thin 
elastomer pads bonded alternately to the ring gear and the core and connected by thin 
elastomer' beams such that no where around the rim is the gear bonded directly to the 
core. This interrupted configuration is produced by molding the elastomer around 
foam rubber pads attached alternately to the gear and the core around the rim. 

In the previous quarterly report, the apparent compressive modulus of the 300+ 
hole compliant system was evaluated and compared to that of the standard elastomer 
system . It was determined that a reduction in modulus of about half was realized by 
this scheme. Recently, compressive stress-strain data were generated for the inter- 
rupted scheme, and this information is plotted in Figure V.B.2.1 along with stress- 
strain data for the standard and 300+ hole schemes for comparison. 



Figure V. B. 2, 1 Compressive Stress vs. Strain for Compliant Elastomer 

Systems. 




1 1 


:.i 


To determine the reduction in apparent modulus realized by this compliant sys- 
tem, a 94 mm x 44 mm x 5 mm (3 .75 in x 1.77 in x .190 in) specimen of the elastomer 
configuration was tested at room temperature using a testing machine at a cross-head 
speed of .5 mm/min (.02 in/min). 

It can be seen from this graph that the interrupted configuration provides a decrease 
in apparent modulus of about 90% compared to the standard scheme. As described in 
Task I, no thin-wall AS cores incorporating this elastomer configuration have failed 
during the bonding operr.Uon or have suffered ring gear separations during engine 
operation. 

In addition to the compression testing of the three elastomer configurations, three 
707 engine I’egenerators , each incorporating a different elastomer scheme, have been 
subjected to a static torque of about twice that encountered during engine operation, 
and the I’ing gear radial deflection for each case w'as measured. The following core/ 
elastomer combinations were tested to a static tox'que of 1356 Nm (1000 ft-lbs): 

1. A thick-wall AS core incorporating the standard elastomer configuration. 

2. A thick-wall AS core incorporating a compliant elastomer scheme consisting 
of 180 equally-spaced axial holes tlmough the elastomer. 

3. A thin-wall AS regenerator incorporating the interrupted elastomer scheme. 
None of the cores tested sustamed any damage due to the torsion load. 

The static toi’que test consisted of clamping the regenex’ator to a back-plate on 
wliich were mounted the fixed and spring support rollers located in their respective 
engine positions. Torque was applied through a pinion attached to a lever arm. The 
ring gear deflection was measured using dial indicators located strategically around 
the regenerator periphei*y. The test results are shown in Figure V.B.2.2. The max- 
imum deflection of tlie ring gear occurs between the fixed roller and the pinion. For 
the standard elastomer scheme at a torsion load of 1356 Nm (1000 ft-lbs), this deflec- 
tion is .813 mm (0.032 in). For the 180 hole scheme and for the interrupted scheme, 
the maximum ring gear deflections at tliis load are .33 mm (0.0.’ 3 in) and .419 ram 
(0.0165 in) respectively. 

V.C. PROBLEM AREAS 


There are no current problems. 
V.D. FUTURE PLANS 


As promising materials are identified tlirough characterization of their thermal 
expansion and chemical stability (Task III), mechanical pi*operties will be evaluated 
and regenerator systems incorporating these materials will be analyzed for structural 
integi’ity at the 1000°C (1832°F) through 1200°C (2192°F) operating conditions. 

V . E . TASK SUTd M ARY 


The radial and tangential moduli! of elasticity of the Supplier A thin-wall sinusoi- 
dal fin AS matrix, and the radial and tangential flexure strength and modulii of the 
Supplier I extruded isosceles triangular fin matrix and the Supplier D embossed rec- 
tangular fin MAS-2 matrix have been evaluated using Weibull statistics. 

Two compliant elastomer scherass have been evaluated. The interrupted elastomer 
scheme which has operated successfully in tlie engine has been shown to provide a 90% 
increase in compliance compared to the standard configuration. 
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VI, THERMAL STABILITY TESTS OF CERAMICS 
VI. A. INTRODUCTION 


To increase efficiency, designers propose higher operating temperatures for the 
alternate heat engines of the future. This, in turn, places greater thermal demands 
on the regenerator core. In anticipation of these elevated temperature requirements, 
the thermal stability testing program is designed to systematically test materials, 
with and without corrosive agents present, over the temperatLire range of 1000°C 
(1832°F) to 1200°C (2l92°F) . 

VI.B. STATUS 

VI.B.l 1000*^0 (1832°F) Test Temperature 


Three additional material sample sets were acqidred to bring the test total to 13 
experimental materials (1-LAS/MAS, 8 MAS, 2-leached LAS, 1-LAS, l-SjC) plus 
the 9455 LAS standard. The three new MAS materials, two in a wrapped configura- 
tion and one formed by extrusion, are in the sample preparation stage ^'inding, 
cleaning, and initial measuring), so they do not appear in the data presented in this 
report. 

Figure VI.B. 1.1 illustrates the behavior of various candidate regenex’ator 
materials when held at 1000°C (1832°F) for long periods of time in an air atmosphere. 
The central area of this graph at low test times is quite congested, with many data 
points laterally displaced. These represent superimposed data; and the reader should 
note that all data points reside at the test hour notations on the abscissa. A majority 
of the materials exhibit good stability. The previously observed Instability of the 
LASAIAS material persists, and the expansion rate appears constant. The leached 
LAS matei'ial of Supplier A has undergone additional contraction and appears to have 
restabilized. As this test nears completion, the diffex-ences in matex’ial behavior be- 
come apparent. 

FigiU'e VI.B. 1.2 contx’asts a similar gx'oup of specimens, tested in like thex’mal 
manner but, intliis case, sodium is available for intex'action with the materials' 
structures. Please note the differences in ordinate scales among different figures. 
Many of the test matex’ials (several MAS specimens, the silicon carbide, and an 
expeiimental LAS material from Supplier* B) exhibit good stability. The 9455 LAS 
standard and the LASAiAS material of Supplier K suffer from the test conditions, 
while the eontx*active behavior of the leaclied LAS from Supplier A is px’esumably 
thex’mally induced. 

VI.B. 2 1100°C (2012°F) Test Tempex*ature 


Test efforts to date have involved seven experimental materials and tlxe 9455 LAS 
standard. With the x'ecent introduction of three new materials, this portion of the 
thermal stability testing progi'am will compare, when completed, data from ten exper- 
imental materials (7 -MAS, 2-leached LAS, 1-LAS) plus the 9455 LAS standard, 

ligure VI.B, 2.1 displays comparative data amor^ eight materials. Good thermal 
stability is evidenced by the MAS materials. The MAS composition, if px'ocessed to 
an equilibrium state, should evidence good thei'mal stability at tliis temperatux'e. Tlxe 
two leached LAS materials are clearly not meant for seiwice at tliis temperatme, as 
sufficient thermal motivation towards further reconstitution is obviously present. Of 
some suxTiise is the steady growth of the experimental LAS material of Supplier B, 
especially when compared to the 9455 LAS standard which typifies the inlrerent thermal 
stability of LAS. 
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Figure VI. B. 1. 1 Physical Stability of Various Materials at 1000°C 
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Figure VI.B.2,2 presents data for similar sets of test specimens; however, these 
samples had received a salt treatment before thermal testing. Note the expanded 
ordinate scale compared to the previous figure. The MAS materials appear relatively 
unaffected by sodium, while the experimental LAS material has undergone an expected 
large growth. The two leached LAS materials have suffered a loss in physical integ- 
rity which makes meaningful measurements impossible . Please note the measurement 
magnitudes printed by each data point. Ou the basis of these results, the leached LAS 
materials will be terminated from further testing at this temperature, 

VI. B. 3 1200°C (2192°F) Test Temperature 


Samples originally selected for testing at this temperature included a leached LAS 
material, four MAS materials, and the 9455 LAS standard. The leached LAS material 
was terminated based on early severe contraction at this test temperature. Subse- 
quently, these results were supported by the 1100°C (2012°F) data reported above. It 
should be emphasized tiiat this material was not intended for service at these elevated 
temperatures . With the addition of three new MAS materials, the total test population 
for this portion of the thermal stability testing program will be seven experimental 
materials (all of MAS composition) plus the 9455 LAi standard. 

Figure VI.B.3.1 displays data gathered from the original set of four MAS mate- 
rials and the 9455 LAS standard. The heavy vertical line between 504 and 672 hours 
represents a temper-ature overrun experienced with tae test furnace . This resulted in 
a visible physical deterioration of many of the samples, and these indications suggest 
that the ultimate tempei’ature attained may have exceeded 1400°C (2552°F). Prior to 
this pei’turbance , the MAS materials exhibited good thermal stability, as the ordinate 
scale is quite fine. A problem, experienced at elevated test temperatures which 
causes measurement problems, is the tapering or crowning of the finished ends of the 
test specimens. This is presumably due to the enhanced freedom, at these tempera- 
tures, for processing stress redistribution. The data after the temperature overrun 
only serve to point out tlie type and extent of reaction incurred by the different mate- 
rials, New specimens are presently being prepared and new data will be taken. 

Figiure VI.B.3.2 graphically illustrates tlie reaction to sodium, at these tempera- 
tures, of a similar specimen set. Considering the magnitude of the test temperature 
and the corrosive nature of the test environment, the small dimensional changes 
exliibited by these MAS materials are encouraging. Individual material tx’ends should 
emerge as the test progresses; however, it would appear that some MAS configura- 
tions may hold the potential for service in regenerators at elevated temperatmes . 

VI.C. PROBLEM ABEAS 


A temperature overrim experienced by the 1200°C (2192°F) thermal stability (witli- 
out sodimn) sample set has rendered those test specimens useless for further study. 

A new test series is in prepax’atioii, and the test sequence will be x*e-run. 

VI.C. FUTURE PLANS 

Testing will continue at all three test temperatures. The ox'iginal sample sets 
begun at 1000°C (1832°F) should be completed dm'ir^ the next repox’ting period. 

Three new MAS materials will be introduced at all three test temperatures . 

VI .E. TASK SUMMARY 


As the thermal stability testing of ceramic materials progresses, sevexml trends 
are becoming evident. The MAS materials are more stable tlian the AS and LAS mate- 
rials, at elevated temperatures under corrosive conditions. The leached LAS 
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material iterations tested as of this writing are not serviceable at 1100°C (2012°F) 
and 1200°C (2192°F). Although a furnace malfunction has necessitated starting a new 
specimen set for 1200°C (2192°F) thermal stability testing without sodium present, 
the remainder of the program is progressing well, and the acquisition of additional 
MAS materials has expanded the scope of this testing program well beyond the origin- 
al contractural goals . 


SUPPLIER K, LAS MAS 
SUPPLIER A. LEACHED LAS 
SUPPLIER I, MAS 
SUPPLIER E, MAS 1 
SUPPLIER J, MAS 
SUPPLIER C, MAS 
SUPPLIER D, MAS 
STANDARD LAS 
SUPPLIER L SIC 
SUPPLIER B, LAS 
SUPPLIER B, LEACHED LAS 


TEST TIME (HOURS) 


Figure VI. B. 2. 2 


Physical Stability of Various Materials at 1100°C 
(2012*^F) with Sodium Present. 
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SUPPLIER I. MAS 
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SUPPLIER L SIC 
SUPPLIER B, LAS 
SUPPLIER B, LEACHED LAS 



TEST TIME (HOURS) 

Figure VI. B. 3, 1 

Physical Stability of Various Materials at 1200°C 
(2192°F). 
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VII. MAKU3?ACTUaiNG COST STUDIES 


VII.A, INTRODUCTION 


A mamifacturing cost study, based on a 170 horsepowei’ Stirling engine pre-heater 
operating at 1000^ (1S32'^F), jdolded a core cost of §25-30 (1975 dollars) figured on an 
annual production base of 500,000 units. The preheater, in a core oonliguration, has 
an outer diameter of 457.2 mm (IS inches), an inner diameter of 190,5 mm (7 .5 
inches), and a thiclcioss oX39.8S mm (1.57 inches). 

The purpose of this task is to update this existing cost stud^', 

VU3. STATUS 


An overall objective of this task is to express manufacturing costs in terms of 
1078 dollars, reflecting both inflation and the higher cost of processing, Last report- 
ing period was spent in the evolution of heat exchanger models of oimrent interest on 
which to base a series of comparative cost studies. The Manufaotiu’ing Development 
Department of Ford’s Engineering and Research Staff w»as contacted pursuant to the 
evaluation of an automotive regenerator configuration with a diameter of 368 mm 
(14.6 inches) and a thiclmess of 89 mm (3,5 inches). Due to tlieir departmental 
priorities, this evaluation was not completed during the last reporting period. 

Additional meetings between Turbine Engineering and Manufacturing Development 
personnel during this reporting period has resulted in the completion of the cost study 
tasks. The prioritized listing is as follows: 

1. 3G8 mm (14,5 inch) diameter, 89 mm (3.5 inch) thick automotive gas turbine 
regenerator, 

2. 267 mm (10 bich) diameter, 38 mm (1,5 inch) tliick automotive Stirling regen- 
erator, 

3 , Cost comparison of hub versus rim mount for configuration 1, 

All analyses will be based on tlio 1975 cost study, but each will include updated cost 
Information including any technological changes in processing. Work is underway, 

VU.C. PROBLEM i\RE AS 

There are no ciu'rent problems, 

Vn . D . FUTURE PLANS 


Manufacturing Development cost mialysis personnel are currently worldng on the 
analysis of the first configuration. Their present level of time oommitmont should 
result in a completed analysis during the next reporting period. The results of tliis 
study, if complete, will be included in the reporting of next period’s progress. 
Efforts will then be directed towards the analysis of coufigiu'ation 2, Tiu'bine Engi- 
neering personnel will closely interact with Manufacturing Development personnel 
in the execution of this task. 

VH.E, TASK SUMMARY 


A list of analysis models has been completed and a task prioritization agreed 
upon by Manulaoturing Development Department cost analysts . Work is imderway on 
oonligiu'ation l:a regenerator core for an automotive gas timbine engino . 
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vm. OQRB MATBJUAL AITO DESIGN SPECIFICATION 


VIH.A> INTRODUCTION 

Quality control of voncTor-suppUed hardware is a crucial step in the fahricaticn of 
an automotive gas turbino regenerator. Therefore, it is Important that the proposed 
heat exchanger system for alternate engines be well-defined prior to large production 
efforts. It is the cliartor of this task to create and periodically update this definition, 
set down lathe form of a regenerator core material and design spoolfication. 

A thorough updating of an existing speoifioation representative of regenerator ooros 
intended for service at 800°C (1472°F) was completed and reported last period. The 
remaining effort in this two-part task is to assemble as much input as possible towards 
the goal of a knowledgeable Iteration of the existing specifioation, so It would apply to 
regenerator cores suitable for 1000°G (I832'^F) tomporaturo service. The pursuit of 
additional test information will continue as the primary effort of this contractural task, 

Vni.E. STATUS 

vm.B.l 800°C (1472°F) Speoifioation 

A thorough review' and extensive modification of the existing speoifioation, reflect- 
ing progress in material, design, and fabrication technology, was oompletod and re- 
ported last period. No additional effort was directed toward this task during Ms 
reporting period, 

Vni.B.2. 100Q°G (1832°F) SpecifiGatlon 

A rather preliminary effort to define what properties a regenerator core must pos- 
sess to successfully operate at 1000*^0 (X832°F) is ongoing. This effort Is defined as 
preliminary, because limited tost data exist at this elevated temperature on which to 
base material and design parameters. High temperature laboratory and engine testing 
are in progress. It is proposed that the high temperature engine testing done as part 
of this NASA/Forcl dovolopmeait program be expanded in response to the data disparity 
w'hich exists between the two operating temperatures. As test experience accumulates, 
the 1000°C (1832°F) core matex’ial and design speoifioation will evolve, 

VIII. C, PROBLEM AREAS 

There ore no current problems. 

Vni.D. FUTURE PLANS 

VXn.D.l 800°G (1472^F) Speoifioation 

No additioiuil effort will be directed toward the updated specification, 

Vin.D.2 1000°C (1832°F) Spooifioatioti 

The ongoing effort to gather*, collate, ai-id analyze the high temperature tost data 
towards an enlarged information base pursuant to the iteration of tlie low temperatiu’Q 
specifioation will continue. 

VllI.E. TASK SUMMARY 

A regenerator core material and design specification for 800°C (1472° F) has been 
completed as port of this contract task. The iteration of Ms document for 1000°C 
(1832°F) regenerator operation is dependent upon an ongoing test program which fea- 
tures both laboratory and engine evaluation of proposed regenerator materials aixd 
configurations. 
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TASK IX, FSOJEGT MAKMKMSNT 


IX, A. j^TJftODtJCTIQN 

It jxppeavs desirable to test more cores at lOOO^G (1832^ P) regenerator inlet tom- 
pcratuvQS, ratber than 800°C (1472‘^F) , sinoe automotive turbine and Stirling engines 
■will have to operate nearer the higher temperature if they are to be competitive with 
other power plants. It is also desirable to place more lower cost materials, UUo MAS, 
on durability tostj again to allow the turbine and Stirling to bo more competitive with 
other power plants. To meet those two new objootives, which would result in a major 
change in program dircotion, a study was initiated in January 1978, Three different 
plans or "oases," which would place more emphasis on higher temperature testing, 
were studied. Their individual impact on the overall Kegenerator X'^regram was eval- 
uated in the following Section. 

IX. B. STATUS 

IX.B.l Woibull Attalysis of Xerogram Changes 


A Weibull Analysis was used to study the effect of redirecting the program to In- 
crease the amount of engine testing oonducted at 1000°C (1832°F). The three different 
approaches or cases studied wore; 

Case I; The presentmrogram remains unchanged, with 4 engines operating at 

S00°C (1472*^^), 1 at lOOO^C (1S32°F), and 1 engine used for accelerated 
chemioal attaolc testing. 

Case U; The 4 engines operating at 800°C (X472°P) converted ns quioldy as pos- 
sible (about 4 months) to 1000®C (X832°F) engines and all 800°C (1472°F) 
cores are retired. Six now, tliin-wall AS and 2 new MAS cores are 
started on 1000°C (1832°P) tost In those 4 engines. 

Case ni; Two of the 4 engines at 800°C (X472°F) ore converted to 1000°C (X832®F) 
tests as quickly as possible (about 1-1/2 months) , and two now thln-wall 
AS cores and two new MAS cores are tested at 1000°C (1843°F) in these 
engines. The two highest-hour thick-wall AS cores and the two highest- 
hour, thln-wnll AS cores ore continued on test at S00°C, (1472°F). In 
both case n and III the two cores that wore on test at lOOO^C (1832°F) 
are continued on tost. 

The hours of operation at the end of 1978 on all of the cores tested for each one of 
those oases has been estimated . In the Case I program, ttoee cores are expected to 
reach 10,000 hours at SQO^^C (1472°F) tmd a second MAS core at S00°C (1472°F) will 
attaiit about 3000 hours. Both cores at 1000°C (ISSE^^F) will exceed 3500 hours of 
test, with the high hour one attaining about 6300 hours. 

In the Case II Program, the highest hoiu’ 800®c (1472°F) core will attain about 
8000 hours and 6 now AS thin-wall cores will aociunulate up to 2000 hours each at 
1000°C (1S320F), 

In the Case III Program, two old 800°C (1472°F) cores will roach 10,000 hours, 
and two now AS thin wall and MAS cores will accumulate up to 2000 hours each at 
1000°C (1S320F). 

In the next three figures, the results of a Woibull analysis are presented, and it 
shows the relative merits of those programs in projecting usable reliability data. The 
800°C (1472°F) results will bo dlsoussod first, and it is apparent that the 800*^0 thlck- 
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wall AS test results obtained from Case I will allow the ga’eatesk aoiifidence to be made 
in projecting a Biq life for this matex'iai (Figure IX .B. 1.1). Case n results in a 
significant rcducuon of the confidence in projecting a B^q life> while Case III is almost 
as good ns Case I. The lower conXidonco in the Case H projections are duo to the com- 
plete termination of the 600°C (1472^ F) tests tnoai’l 3 ' 1978. 

The same trend is apparent in the S00°C (1472°F) thin-wall AS test results in 
Figure IX,B,lt2. l^’or all three cases, confidence in a high-hour Biq projection is 
tow, because ver^r few thin-wall cores exist with high hours. Case I and HI programs 
use tlie same high-liour, thin-wall cores so both have the same confidenoe levels. 

This level is signiJloantlj' higher than that of Case II, 

Tivo 10i^O°G (1S32°F) results are shown in Pigiu'o DC. B. 1.3, and the thick and 
thin-wall AS cores must be considered together, because of the small sample avail- 
able. The results must be oonsidorod as a projection of tlie life of AS matei’ial at 
lOOO^C (1S32°F), rather than ti projection of a tliick or tiun-wall configuration of this 
material. 

Since all tliree cases use the same two cores as tlioiv sample , and the new AS oores 
on test will accumulate 2000 hours or' less in 1978, all taree cases have the same con- 
fidence levels. The confidenoe is projecting a Bj^q life of 3000 hours at 1000°C (1S32®F) 
at the end of 1978 would be onljf 50%, This is a very low value, and the only way to 
improve it is by extending tiio testing one more j'car. At the end of 1979, if there w'ere 
no fiiilures, tlie coufidence in px’ojeoting a °f 3500 houx’s at 1000°C (1832°P) 

would be about 99%, 



Bio LIFE — THOUSANDS OF HOURS 

Figin'O DC, B. 1. 1 Reliability of Thick-Wall AS Regonox’ntox's at S00°C 

(1472°F). 
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Bio LIFE — THOUSANDS OF HOURS 


Figiu’O ES. B. 1, 2 Roliability of Thin-Wall AS Regenerators at 800°C 
■ {1472°F). 



Figure DC. B, 1. 3 Reliability of AS Regeueratox’s at lOOO^C (1S32°F). 



9 


If 


liiJiU oftlte precedUig analyses, it was necessary to use the slope, in, of the 
Weibull failure distribution curve. Since there have been no failures of AS or MAS re'- 
genei'ators, it has been neoossaiY to assume a value of m. A value of 5, which was 
obtained on rim mounted LAS and GPD6 cores, was assumed. Figure DC, B. 1.4 shows 
the effect of m on tlie confidenoe -re liability curves. A higher value results in more 
importance being attached to cores which have accumulated high hoiu’s. For example, 
throe cores, eaoh of which accumulated 10,000 houx’s, could bo used to project a Biq 
life of 7000 houi’s with 92% oonfidenco using an m equal to 5. If testing were limited 
to 7000 hours, it would require the testing of 23 cox’es at 7000 houx’s to project a Bin 
lifo of 7000 houx’s with 92% ooufidence . 



Figure ES, B. 1.4 Effect of Slope, m, on Confidence - Keliability 

Curves, 


DC.B.2 Inoreased Engine Testing at 1QQ0°C (1S32QF) 


The above analyses of the SOO^C (1472®F) and 1000°C (1882°P) testing as well as 
the future needs of the program suggest tliat it is highly desirable to convert two S00°C 
(1472‘^P) durability engines to lOOO^C (1832°P) dux’ability engines ns soon as possible 
in 1978, This would allow a high confidence to be made in projections at 

S0O°C, as well as allowing more AS and MAS cox’es to bo placed on test at lOOO^C. It 
would also allow tho two high-hour, 1000°C (1S32^F) cox’os to bo tested in separate 
engines, as px’otection in case of a disastrous engine failure. A failure in the 1000°C 
(1832°F) engine today could wipe out both high-hour, 1000°C (1832° F) cores. 

Tho same analysis shows that a low confidence must be placed on any B,q life 
projections at 100G°C (1S32°F), even Uioso made at tlie end of 1978. Continuation of 
the 1000°C {1S32°F) tests for another year would increase the confidence in the 
projections to a reasonable level. 
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Ford and NASA 3?i’QjeGt Management have agreedi therefore, to convert two 800°C 
{1472°F) engines as q[uickly as possible in the second quarter of 1978 to lOOO^C (1832°F) 
test engines. The regenerator cores that will be continued on test are described in 
Case in in Section JX.B.1 above, 

IX , E , 3 Extension of the Program Completion Date 

NASA Project Management has agreed to a Ford request that the program be ex- 
tended for an additional six months. Both, the program extension and the change in 
program direction* described in Section IX. B. 2, to place more emphasis on 1000°C 
(1832°F) testing, will be rie at no addiiional cost to NASA. 

The impact on the engine test hour accumulation of both the extension and the in- 
creased 1000°C (1832®F) testing is shown in Figure IX. B. 3.1. This figure compares 
the core hour acciunulation objective for 1978 withihe original program to the total 
core hour accunaulation objective in the revised program. The revised progTam r,®- 
sults in a reduction in the tost hours at S00°C (1472°F) and a fourfold increase in the 
test hours at 1000°C (1832*^ F). 



ORIGINAL 

PROGRAM 


REVISED 

PROGRAM 


Figiu’e K.B.3.1 


Bllect on Test Hovir Accumulation of Program 
Extension. 


K.e. PKOBLEM AREAS 


There are no problems associated mth this task. 
K.D. FUTURE PLANS 


The conversion o.f iv/q 800°C (1472®F) test engines to two 1000°C (1832°F) engines 
will be implemantod as quiokl 5 f as possible intlie second quarter of 1978. 
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K.15, TASK SUMMARY 

As eiirly as possible in the SGGond qvm’ter of 11*78, two S00°C (1472°F) engines 
will bo ooiwei'ted to 1000°C (1832® F) engines, mid the program completion date will 
be extended 6 months, Botli of these changes, whioh will be done at no additional oost 
to NASA, will result in four times more hours being accumulated at lOOO^C (1832®F) 
under tine revised program . 



TASK X. REPORTING REQUIREMENTS 
X.A, INTRODUCTION 

In addition to Quarterly Progress Reports, Ford will also publish three "Topical” 
reports as part of the NASA/Pord Ceramic Regenex’ator Program. The subjects of 
these three reports are to be determined by mutual agreement of Ford and NASA 
Project Management. 

X.B. STATUS 

Dm’ing tliis report period the subjects of the three Topical Reports were agreed 
upon by Ford and NASA personnel. The title and a brief abstract of those reports 
follows: 

1. Evaluation of Regenerator S 3 fstem Performance. This study will tie together 
the major factox's affecting the selection of the I’egeneratoi’s in a fiiture , high- 
tempei’ature , passenger-car turbine engine . Cost and size (for equal per- 
formance) will be the ultimate ciiteiia used in tliis selection. The best 
obtainable wall tliicimess, open area, fin efficiency, and leakage mil be esti- 
mated foi’ each combination of ceramic mateiial, manufactiu'ing pi’ocess and 
fin shape. The estimation will be based on an assumption of continued develop- 
ment and evolution of today's teclinology for a ten-j^ear period. The Report 
will be published in the second quarter of 1978. 

2. Feasibilit 3 f Stud 3 f of Silicon I'ltride Heat Exchangers. If I’egenerator inlet 
temperatiu’es exceed 1100 or 1200°C (2012 or 2192°F), something other than 
an oxide cex’amic may be required. Silicon Nitride will be examined from a 
stress, performance and manufaotiuing feasibility vieu»point. Its advantages 
and limitations will be reviewed in detail. Tliis report will be published in 
the tliird quarter of 1978. 

3. Regenerator Matrix Physical Property Data. The key physical property data, 
including F and J factors, compressive strength, coefficient of expansion, 
modulus of elasticity, MOR, and chemical attack results will be compiled for 
a limited munber of key matrix configimations . The key matrix configm’a- 
tions udll be decided jointl 3 ' by Ford and NASA. This report will be published 
in the fourth quarter of 1978. 

Detailed outlines of each report have been submitted to and approved by'^ the NASA 
Project Manager. 

X.C. PROBLEM AREAS 

There are no problem areas associated with this task. 

X.D. FUIURE PLANS 

It is planned to publish tlie first report, "Evaluation of Regenerator Sy'stem Per- 
formance, " in the next quarter. 

X.E. TASK SUMMARY 

The subjects and timing of the three "Topical Reports" have been determined by 
NASA and Ford personnel. The first report "Evaluation of Regenerator Sy^stem 
Performance" will be published in the next quarter. 
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